INTRODUCTION
The availability of essential elements is known to affect the yield and quality of crops (Heitholt et al., 2002; Parsons et al., 2007) . Soils are major sources for plant nutrients; however, their nutrient availability varies during the growing season depending on characteristics such as soil organic matter content, pH, and cation-exchange capacity (Cancela et al., 2002; Strahm and Harrison, 2007) . Soil management practices, such as fertilization and amendments, are commonly employed to enhance the nutrient supply and increase crop yields. Nonetheless, the status and behavior of nutrients in soil are difficult to predict (Moral et al., 2002; Moreno-Caselles et al., 2005; 2096 R. Ye et al. Herencia et al., 2008) . Interactions among nutrients affect their availability to crops as an over-abundance of one nutrient may lead to a deficiency of another. For instance, excessive phosphorus (P) fertilization can decrease zinc (Zn) availability due to precipitation (Li et al., 2007) . Thus, applying proper amounts of fertilizers or amendments minimizes nutrient imbalances, maximizes crop yields, and improves fertilizer use efficiency.
Soil testing is widely used for evaluating nutrient availability and justifying fertilizer application rates to maximize crop production while minimizing adverse environmental impacts, including the runoff or leaching of excess nutrients Slaton et al., 2009) . Various testing methods have been introduced, including acids, salts and chelates to estimate nutrient availability in soils (Cancela et al., 2002) . However, no universal standards have been achieved (Wang et al., 2004) . Disagreements on nutrient availability and fertilizer recommendations for similar soils and crops as a result of different extraction methods are well documented (Cancela et al., 2002; Wang et al., 2004) . Extractants vary in their extracting capabilities and therefore dissimilar extraction methods account for different degrees of nutrient availability.
The Everglades Agricultural Area (EAA) in south Florida was historically a seasonally-flooded prairie ecosystem, but was converted to agricultural use by drainage in the early 1900s. The soils are primarily Histosols with high organic matter content, and contain high nitrogen (N) and low P and micronutrient concentrations that require supplemental fertilization (Snyder, 2005; Ye et al., 2009) . Upon drainage and land use conversion, high decomposition rates of these drained Histosols resulted in subsidence and a decreased depth to the underlying bedrock. The current estimate of soil loss is 1.5 cm yr −1 , and many soils are less than 51 cm in depth, such as those classified as Dania series (Shih et al., 1998; Snyder, 2005) . Long-term cultivation of these drained soils, specifically the use of tillage, coupled with soil oxidation has resulted in incorporation of bedrock calcium carbonate (CaCO 3 ) into surface soil and has gradually increased the pH from the historic 5.0-5.5 to approximately 7.0-7.5 today (Snyder, 2005) . As a result, P and micronutrient availability to crops has decreased and necessitated new fertilizer management practices to maintain nutrients at concentrations sufficient for optimal crop growth. Application of elemental sulfur (S) is recommended in the EAA when soil pH exceeds 6.6 for the purpose of reducing pH and therefore increasing P and micronutrient availability (Schueneman, 2001) . The recommendation rate of 448 kg S ha −1 was initially established in 1985 (Anderson, 1985) , but due to the changes in soil conditions since 1985, revision of this recommendation may be required. The increasing buffering capacity of these calcareous Histosols is likely to counteract the acidifying effects of elemental S oxidation, with the continued loss of soil depth occurring since these S recommendations were developed. Thus, effects of amendments may only be temporary and minimally effective (Beverly and Anderson, 1986) . There is a need to determine the level of S application Nutrient Availability of Sulfur-Amended Soils 2097 producing favorable responses in terms of nutrient availability and sugarcane yield. These results can then be used to help formulate fertilizer and nutrient management solutions for better sugarcane production in the EAA. The objective of this research was to evaluate various S application rates for their effects on nutrient availability during the growing season and to assess the effectiveness of three soil test extractants in predicting sugarcane yield.
MATERIALS AND METHODS

Site Description
The experimental field is located in the central EAA on Dania muck (euic, hyperthermic, shallow Lithic Haplosaprist) with a depth to bedrock of approximately 50 cm. The experimental design was a randomized complete block with four S application rates and four field replications, with four sampling times encompassing the entire growing season. Each field plot measured 9 m × 13 m and consisted of 6 rows of sugarcane (Saccharum spp.) cultivar 'CP 89-2143' that was planted in November 2007 and harvested in February 2009. Elemental granular S (90%) was applied at rates of 0, 112, 224, and 448 kg S ha −1 to the furrow and covered after planting. Other fertilization was provided using the typical recommendations and guidelines for this region and soil type . Fertilizers were soil-applied prior to planting and all field plots received 17 kg N ha −1 and 37 kg P ha −1 as monoammonium phosphate, 228 kg potassium (K) ha . All plots received common cultural practices including tillage and herbicide application. Water was applied as needed via seepage irrigation in field ditches approximately 182 m apart.
Soil Sampling and Analysis
Soil samples were collected before planting and fertilizer application and then in January, May, August, and December 2008, corresponding to approximately 0, 2, 6, 9, and 13 months after planting, respectively. Twelve soil (0-15 cm) cores (2.54 cm diameter) were randomly collected within each of the 16 field plots and composited. Samples were homogenized after the removal of visible plant residues and stored at 4
• C. Soil pH was measured using a soil to water ratio of 1:3 after equilibration for 30 min. Organic matter content was determined by loss-on-ignition at 550
• C for 4 hr . Dissolved organic C (DOC) was measured by extraction with 0.5 M potassium sulfate (K 2 SO 4 ) and analyzed with a TOC-5050A total organic C analyzer (Shimadzu, Norcross, GA, USA). Extractable ammonium (NH 4 )-N and nitrate (NO 3 )-N were determined by extraction with 2 M KCl followed by colorimetric analysis (Castillo and Downloaded by [University of Florida] at 06:32 28 October 2011 . Water extractable sulfate (SO 4 )-S was analyzed by ionic chromatography after shaking 3 g soil with 25 mL water for 0.5 hr, followed by filtering through Whatman No. 41 filter paper (Gharmakher et al., 2009) .
Three different extractants were tested in this study: water, 0.5 N acetic acid, and Mehlich-3. Water and acetic acid are the soil test extractants for use on muck soils in Florida, and Mehlich-3 is the soil test extractant for sandy soils (Morgan et al., 2009; Mylavarapu, 2009) . Phosphorus concentrations for different extracts were determined using the ascorbic acid-molybdenum blue method (Kuo, 1996) after shaking 4 mL air-dry soil with 50 mL of extractant for 50 min, followed by filtering through Whatman No. 2 (acetic acid extraction) and No. 5 (water and Mehlich-3 extraction) filter paper, respectively. Macro-and micronutrient concentrations for different extractants were then analyzed by inductively coupled plasma atomic emission spectrometry (ICP).
Sugar Yield
Harvestable stalks were counted in 2 of the 4 middle rows of each plot in August. ) was calculated by multiplying stalk number by stalk weight, and dividing by unit area. Ten stalks from each plot were milled and the crushed juice analyzed for Brix and Pol, and sugar concentration of harvested cane (kg sugar Mg cane −1 ) was determined according to the theoretical recoverable sugar method (Glaz et al., 2002) . Sugar yield (Mg ha −1 ) was calculated as the product of sugarcane yield and sugar concentration.
Statistical Analysis
A mixed model was fit using restricted maximum likelihood in the MIXED procedure of SAS (SAS Institute, Cary, NC, USA). The fixed effects were S application rate, time and their interaction, with block as a random effect. Degrees of freedom were adjusted using the Kenward-Roger adjustment. An exponential covariance structure was used to model the correlation among observations taken from the same plot over time. Significant differences among individual treatments and time intervals were determined with Tukey's test at α = 0.05. Pearson correlation analysis was performed to assess relationships between variables. Stepwise multiple regression was conducted to evaluate the relative importance of extractable nutrients in predicting sugar yield. A p value of 0.1 and 0.05 was used as the entry and staying values, respectively, in the stepwise selection method (Majchrzak et al., 2001 ). All statistical analyses were carried out with SAS 9.1 (SAS Institute). 
RESULTS AND DISCUSSION
Soil pH
Soil pH was generally not affected by S application (Figure 1 ). The background pH prior to S application was 6.2, which did not differ from soils collected during the growing season. The limited effect of acidification may result from a S application rate too low to cause a change in pH and from the high buffering capacity of this calcareous organic soil. Soils with high concentrations of carbonates and bicarbonates are highly buffered against acidification (Rogovska et al., 2007) . The buffering effects often take place more slowly than the formation of sulfuric acid from elemental S (Deubel et al., 2007) . When the original S recommendation for sugarcane of 448 kg S ha −1 was established years ago, soil pH in the EAA was considerably lower. However, the rise in pH and decrease in soil depth to bedrock since that time increased the capacity of these soils to resist changes in pH. Thus, higher S application rates may be necessary to produce the same response as 448 kg ha −1 did in the 1980s (Anderson, 1985) . A limited reduction in soil pH after S application was also observed in other studies of calcareous soils (Hassan and Olson, 1966) . ), but then decreased toward the end of the growing season. Extractable NH 4 -N and NO 3 -N were not influenced by S application, but concentrations fluctuated during the growing season (Figure 2 ). Extractable NH 4 -N significantly decreased from 2 (19 mg kg −1 ) to 6 months (10 mg kg −1 ), while extractable NO 3 -N exhibited the same trend from 2 (383 mg kg −1 ) to 6 months (16 mg kg −1 ). Oxidation of the muck soil provides most of the N requirement for sugarcane grown in the EAA . However, the soil N pool can change rapidly under the impacts of environmental (precipitation, temperature) and management (tillage, irrigation) factors . Considering the fact that sugarcane biomass accumulation is the greatest during the rainy season of the summer months , it was likely that plant uptake and leaching losses contributed to the low NO 3 -N concentrations as the growing season progressed.
Phosphorus
Sulfur application at 448 kg S ha −1 significantly increased concentrations of acetic acid, Mehlich-3, and water-extractable P at 2 months (Figure 3 ), suggesting increased P availability to sugarcane in the short-term caused by S application (Codling, 2008) . There are two primary mechanisms by which S application could influence P availability, including the lowering of soil pH and replacement of phosphate (PO 4 ) with SO 4 (Gabriel et al., 2008) , and the release of P from association with Fe, aluminum (Al), and Ca caused by pH reduction (Jaggi et al., 2005; Ye et al., 2010) . However, increased P availability was not observed at later months indicating limited long-term effects of S on the reduction in soil pH due to the high buffering capacity of this calcareous organic soil (Snyder, 2005) . Acetic acid extractable P decreased progressively during the season (Figure 3) . The concentrations at 13 months were 214% lower than at 2 months, 107% lower than at 6 months, and 75% lower than at 9 months. Similarly, water-extractable P decreased from 2 months (15 mg kg −1 ) to 13 months (3 mg kg −1 ), but Mehlich-3 extractable P did not change during the same period. The EAA soils are historically P limited and sugarcane production requires supplemental P fertilization (Morgan et al., 2009) . Therefore, the reduction in acetic acid and water extractable P during the season was likely a result of sugarcane uptake. Seasonal trends in P concentrations were expected to show declines from planting to harvest, corresponding to uptake of extractable P by sugarcane. However, P mineralized from soil organic matter also contributes to the available P pool. Across treatments and sampling times, acetic acid extracted 834% more P than water, while Mehlich-3 extracted 559% more P than water (Table 1) . No significant difference was found between the amounts of P extracted by acetic acid and Mehlich-3. Water primarily extracts P in soil solution, while Mehlich-3 and acetic acid also extract P adsorbed or complexed with Ca, Mg, Fe, and Al, in addition to soluble P (Wright et al., 2007; Wright, 2009 ). Thus, it was not surprising that Mehlich-3 and acetic acid extracts contained more P than water.
Potassium
Sulfur application at the highest rates significantly increased K availability at two months (Figure 3 ), but the treatment effect was not observed at subsequent sampling times. At two months, acetic acid extractable K for soils receiving 448 kg S ha −1 (1214 mg kg −1 ) was significantly higher than for soils receiving 112 kg S ha −1 (647 mg kg −1 ) and unamended soil (708 mg kg −1 ). Likewise, Mehlich-3 extractable K for soils amended with the highest rates (949 mg K kg −1 ) was significantly higher than soils receiving 112 kg S ha ) and 448 kg S ha −1 (713 mg kg −1 ). Acetic acid extractable K decreased 440% from 2 months to 13 months, while during the same period Mehlich-3 and water extractable K decreased 448% and 891%, respectively (Figure 3) . Despite the fact that EAA soils have high cation-exchange capacities, K is usually weakly held on the exchange sites . Therefore, K movement out of the soil profile occurs readily depending on precipitation patterns. The short-term stimulatory effect of S on extractable K concentrations was likely attributed to the replacement of K + by H + at adsorbing sites, while plant uptake and leaching were responsible for seasonal decreases in K availability.
Averaged across treatments and sampling times, acetic acid extracted the same amounts of K as Mehlich-3 (Table 1) . However, acetic acid and Mehlich-3 extracted 106% and 66% more of K than water. Correlation analysis revealed that water extractable K was highly correlated to acetic acid (R 2 = 0.98) and Mehlich-3 extractable K (R 2 = 0.96), while the later two were also strongly correlated (R 2 = 0.99), indicating that the three extractants may indeed extract the same pools of K, but that acetic acid and Mehlich-3 extract more tightly bound K.
Calcium
None of the extractable Ca concentrations exhibited S effects, but all displayed seasonal fluctuation (Figure 4 ). Both acetic acid and water extractable Ca decreased significantly from 2 to 9 months, and then increased to 13 months. Mehlich-3 extractable Ca was highest at 9 months (19516 mg kg −1 ), followed by 13 (17359 mg kg ), and 6 months (15224 mg kg −1 ). Acetic acid extractable Ca was 3457% higher than water-extractable Ca, while Mehlich-3 extracts had 3022% more Ca than water extracts.
Magnesium
Sulfur application did not affect Mg availability (Figure 4 ). Acetic acid extractable Mg decreased significantly from 2 (1735 mg kg −1 ) to 6 (665 mg kg −1 ) months, but remained constant to 9 months (671 mg kg
−1
). Mehlich-3 extractable Mg increased from 6 (580 mg kg ). Water extractable Mg decreased gradually during the season, being 307% lower at 13 than 2 months. Acetic acid extracted 44% more Mg than Mehlich-3, while extracting 1155% more Mg than water (Table 1) .
Sulfur
Sulfur application significantly increased SO 4 concentrations as a result of S oxidation (Jaggi et al., 2005) (Figure 2 ). Extractable SO 4 -S in soils receiving 448 kg S ha −1 was 131%, 201%, and 270% higher than unamended soils at 6, 9, and 13 months, respectively. Similar to extractable K, SO 4 concentrations decreased significantly from 2 (376 mg kg −1 ) to 6 months (129 mg kg ) and continued to decrease from 6 to 9 months (21 mg kg In the EAA, soil oxidation generally supplies sufficient S to satisfy sugarcane nutrient requirements . Therefore, there is potential for S application at high rates to increase SO 4 concentrations in soil to the point of increasing the risk of SO 4 export from fields. Lower SO 4 -S concentrations at 6 and 9 months were likely due to SO 4 uptake by sugarcane and losses as runoff or leaching during precipitation events.
Copper
Extractable copper was not affected by S application at any time during the growing season ( Figure 5 ). Acetic acid extractable Cu decreased significantly from 2 (0.3 mg kg −1 ) to 9 months (0.1 mg kg −1 ), while ) and then to 13 months (1.6 mg kg −1 ). Across treatments and sampling times, acetic acid and water extracted similar amounts of Cu, but both extracted less than Mehlich-3 (Table 1) .
Iron
Similar to Cu, extractable Fe did not respond to any rate of S application, but did fluctuate seasonally ( Figure 5 ). Acetic acid extractable Fe decreased significantly from 2 (13.6 mg kg (Table 1) .
Manganese
The availability of Mn was not affect by S application, but varied during the season (Figure 6 ). Similar to K and Fe, acetic acid extractable Mn decreased incrementally from 2 (23.9 mg kg −1 ) to 13 months (9.4 mg kg −1 ). Mehlich-3 extractable Mn decreased from 2 (4.2 mg kg −1 ) to 6 months (3.7 mg kg −1 ), and then increased from 6 to 9 months (5.3 mg kg −1 ). Acetic acid extractable Mn was 7900% higher than water-extractable Mn, while Mehlich-3 extracts had 2414% more Mn than water extracts. 
Zinc
Acetic acid-extractable Zn in soils receiving 448 kg S ha −1 (7.2 mg kg −1 ) was significantly higher than for unamended soils (2.5 mg kg −1 ) at 2 months ( Figure 6 ). However, the stimulating effects were not observed beyond 2 months. Mehlich-3 extractable Zn did not exhibit any treatment effects during the growing season. Interestingly, at 6 months after S application, water-extractable Zn for soils receiving 448 kg S ha −1 (0.3 mg kg −1
) was significantly higher than for soils receiving 112 kg S ha −1 (0.2 mg kg −1 ) and unamended soils (0.2 mg kg −1 ). Similar to K, Fe, and Mn, acetic acid extractable Zn decreased gradually from 2 to 13 months. The decreases in nutrient availability can be attributed to losses of nutrient as leaching and sugarcane uptake. Meanwhile, fixation and chelating of Zn and other micronutrient cations to organic matter, clay minerals, and carbonates may also remove it from the available pools. Zinc concentrations in acetic acid and Mehlich-3 extracts did not differ, but both extracted 943% and 817% more Zn than water extracts, respectively (Table 1) .
Soil Properties and Micronutrient Availability
Organic matter and soil pH are two major properties that influence nutrient availability and mobility (Herencia et al., 2008; Provin et al., 2008) . Organic matter provides ligands that chelate the micronutrients and promotes the formation of soluble micronutrient-organic matter complexes and therefore increases nutrient availability (Herencia et al., 2008) . However, organic matter can also immobilize nutrients through the same complexation mechanism (Wei et al., 2006) . In the present study, organic matter content was only significantly correlated with Mehlich-3 extractable Fe and acetic acid extractable Mn (Tables 2, 3 , and 4), indicating that soil organic matter content was unlikely the dominant factor influencing nutrient availability during the sugarcane growing season. Changes in soil pH can mobilize nutrients from unavailable phases to available pools. Studies have shown that soil pH affects crop nutrient availability (Wei et al., 2006) . In the EAA, elemental S is applied as a soil amendment for the purpose of reducing pH and therefore increasing nutrient availability . Our results suggested that application of S up to 448 kg ha −1 introduced limited effects on soil pH and therefore had little influence on enhancing nutrient availability. Statistical analysis revealed that pH was significantly correlated with acetic acid extractable Fe and Zn and Mehlich-3 extractable Cu and Mn (Tables 2 and 3) . Nonetheless, no correlations were found between soil pH and any water-extractable nutrient concentrations (Table 4) , which suggests that soluble nutrients were not as sensitive as adsorbed or complexed nutrients to small changes in soil pH. Calcium carbonate is able to precipitate micronutrient ions in soil solution during the formation of carbonate depending on desorption characteristics of micronutrients and the solubility of carbonate (Wei et al., 2006) . Phosphate can affect micronutrient availability by direct precipitation of nutrient cations. However, the effect varies among micronutrients and depends on other soil properties, such as water content (Li et al., 2007) , pH (Wei et al., 2006) and metal solubility (Shuman, 1988) , which helps to explain the varied relationships between P and micronutrient concentrations ( Tables 2, 3 , and 4) in this study. Correlation analysis revealed significantly negative correlations between water-extractable Ca and Fe (r 2 = −0.86) and Mn (r 2 = −0.29), indicating that the increasing CaCO 3 content in these soils with ongoing subsidence will likely to decrease micronutrient availability in the future, making fertilizer management even more critical. Mehlich-3 extractable Ca was also significantly correlated to Mehlich-3 extractable Fe and Mn, which may further suggest that Fe and Mn availability in these calcareous soils was affected by the CaCO 3 content.
Comparison of Soil Extractants
Nutrients exist in soil as water soluble, exchangeable, and nonexchangeable forms. The contribution of these pools to nutrient availability to crops depends on the dynamic equilibrium among different pools. Therefore, different extraction methods reflect the degree of nutrient availability (Wright et al., 2007) . Water extracts represent the readily available chemical forms, whereas acetic acid and Mehlich-3, are more acidic and extract the pools consisting of soluble, exchangeable, and some of non-exchangeable compounds (Cancela et al., 2002; Wright et al., 2007) . Our results indicated that, as expected, acetic acid and Mehlich-3 extracted more P, K, Ca, Mg, Mn, and Zn than water (Table 1) .
Acetic acid and Mehlich-3 have been deemed satisfactory extractants for soil testing of EAA soils (Korndörfer et al., 1995; Hochmuth et al., 1996) . Mehlich-3 solution contains large amounts of salts, strong acids, and ethylenediaminetetraacetic acid (EDTA). Salts are present mainly for extracting major cation such as P, K, Ca, and Mg, while micronutrient extraction is accomplished by metal-EDTA complexation (Wang et al., 2004) . Nonetheless, compared to 0.5 N acetic acid, Mehlich-3 extracted equal amounts of P, K, and Zn, but less Ca, Mg, Mn, and Fe (Table 1) , indicating that acidity may in fact control the Ca, Mg, Mn, and Fe availability in this calcareous organic soil, as strong acidity can help to dissolve these cations from precipitates. Acetic acid is more acidic than Mehlich-3 and appeared less affected by soil buffering capacity and the presence of free CaCO 3 (Korndörfer et al., 1995) and therefore extracted more Ca, Mg, Mn, and Fe. In other words, acetic acid method tends to extract relatively high amounts of non-exchangeable nutrients and thus may overestimate the concentrations of available nutrients. Mehlich-3 extracted more Cu than acetic acid and water, suggesting that extractable Cu was likely present in a complex with organic matter rather than as an insoluble precipitate and EDTA in Mehlich-3 functioned to capture Cu. In fact, Cu is often associated with dissolved organic matter (Wright et al., 2007) .
Nutrient Availability and Sugar Yield
Sulfur amendment did increase the availability of P, K, and Zn at 2 months after application. Nonetheless, S application did not increase sugar yield. The yields for soils amended with 0, 112, 224, and 448 kg S ha −1 averaged 16, 17, 16, and 17 Mg sugar ha −1 , respectively. Results indicate that S application was not needed with the soil characteristics of the test field. Our results also indicated that S application is likely to increase the risk of SO 4 export from fields. Large scale S application should be well evaluated, since SO 4 export from the EAA into Everglades wetlands has been implicated in causing stimulation of SO 4 -reducing bacteria and Hg methylation (Gabriel et al., 2008) . Nonetheless, it has been reported that actual grower S application rates in the EAA are lower than the current recommended rates (Schueneman, 2001) , primarily due to economic costs associated with fertilizers and their application. Everglades Agricultural Area growers occasionally use micronutrient sprays to alleviate nutrient deficiency caused by elevated pH since a short-term benefit can be achieved at relatively low cost, so S application may not be considered necessary in many EAA fields at this stage. However, site-specific precise applications may become necessary in the future to provide a nutrient supply at planting.
Significant linear regression equations for prediction of sugar yields with extractable nutrients are listed in Table 5 . Stepwise multiple regressions identified the most significant model considering Mehlich-3 extractable P prior to planting as the main predictor, which explains 93% of the variation in sugar yield. Regression equations for 2, 6, and 9 months had low coefficients of determinations ranging from 0.30 to 0.60, suggesting important factors influencing sugar yield were not quantified (Anderson et al., 1999) . Meanwhile, the response of sugar yield to a specific factor may not be linear. General linear models only offered rough approximations of the relationships and therefore may not be adequate in this case (Korndörfer et al., 1995; Anderson et al., 1999) .
CONCLUSIONS
Sulfur application at rates up to 448 kg ha −1 had limited effects on the reduction in soil pH due to the high soil buffering capacities and generally failed to enhance nutrient availability. Correspondingly, S application at current recommendation rates did not increase sugar yield at a location with an unamended pH < 7.0. Sulfur application increased SO 4 concentrations in soils and also the risk for export from fields. Therefore, large scale of S application should be evaluated for their potential to adversely affect proximal sensitive wetland ecosystems. Alternatives, such as different P and micronutrient fertilizer application methods, timings, and sources, may be better for increasing nutrient availability for these changing soils.
